Abstract. Rates of snow water equivalent (SWE) decrease were obtained as a difference between two successive values of SWE at 189 stations in the former Soviet Union (FSU). The required distribution of duration of snow ablation (snowmelt plus sublimation) was obtained from longterm data on average dates of maximum SWE and dates of snow disappearance. Stations were grouped by dates of snow disappearance and beginning of ablation. The amount of ablated snow for the 10-day periods, normalized by the maximum mean SWE at a station, was averaged throughout stations with the same dates of snow disappearance and beginning of snow ablation. On plains and foothills, up to 80% of snow ablated during the last 10 days of snow cover. At high altitudes in mountains, about 40% of snow ablated during the penultimate 10 days of snow cover. During ablation season, the amount of energy used to melt snow was of the same order as the combination of other components of the heat budget (e.g., heat associated with atmospheric advection, radiation balance and turbulent heat exchange). Heating of the air would have been 3 times higher if snowmelt had not occurred. Over the continental plains of the FSU, maximum energy used to melt snow occurred in the foothills of the Urals and the northwest portion of the Srednerusskaya upland. Over the mountains, maximum energy to melt snow per unit area was observed in the northern and western Tien Shan where most snow accumulation occurred. A maximum mean energy used to melt snow was observed in the beginning of April over the plains and in June over the mountains.
Introduction
The role of snow cover on the climatic system in general, and on air temperature, in particular, is determined by its energy exchange with the atmosphere. The effect of varying extent and amount of the continental snow cover on the global heat budget, atmospheric circulation patterns, precipitation and wind has been investigated and simulated in numerous studies [Gray and Male, 1981; Walsh et al., 1985; Robinson and Kukla, 1985; Kukla et al., 1986; Barnet et al., 1989; Robinson and Hughes, 1991] . Kumar [1988] , Barnet et al. [1989] , and Groisman et al. [1994] provided evidence in support the hypothesis that the Eurasian snow cover has an influence on the intensity of Asian monsoon. One physical mechanism for the influence is an effect on the land-ocean temperature difference, which initiates the monsoon. The analysis by Kukla and Kukla [1974] over North America revealed that snow cover influences circulation patterns, air temperature, and precipitation. The interaction between snow cover and the Siberian High was established by Kotlyakov [1987] . The impact of snow cover, mainly through its high rate of albedo, on glaciers was assessed and simulated by Flohn [1974] and Williams [1975] . Namias [1963] estimated that when snow Copyright 2000 by the American Geophysical Union.
Paper number 2000JD900279 0148-0227/00/2000JD900279$09.00 cover tended anomalously southward over the central United States, mean monthly air temperature along its southern border was approximately 5?C lower than normal. Wagner [1973] estimated a reduction of monthly mean temperatures due to snow cover of several degrees at 15 stations in the USA. Gray and Male, [1981] , Kotlyakov and Krenke [1982] , and Groisman, et al. [1994] have estimated the impact of snow cover albedo and outgoing long-wave radiation from snow on global air temperatures. Because of the impact of snow cover on climate dynamics, it has been used as a factor in experiments with using Global Circulation Models [Yeh and Manabe, 1983; Walsh, 1987; Walland and Simmonds, 1997] .
The heating of atmosphere is known to be delayed by snow melting [Gray and Male, 1981] ; Kotlyakov, 1987] . The greater snow accumulation, the stronger its impact should be on tropospheric cooling with a greater decrease of air temperature. Determination of energy used to melt snow at the continental scale is possible for regions with extensive snow distribution and for regions where data on snow water equivalent (SWE) are available. Virtually, all the plains and mountains in the Former Soviet Union (FSU) have seasonal snow cover of significant duration which exerts a strong impact on heat balance, influencing the planetary albedo, outgoing long-wave radiation and using energy for its ablation. Extensive hydro-meteorological data sets from FSU are appropriate to estimate energy used for snowmelt, and to evaluate the impact of seasonal snowmelt on air temperature. The purpose of our study on assessment of atmospheric cooling through snowmelt is, in part, to contribute to the understanding of observed modern global warming.
Data and Methods
To estimate the impacts of snow melt on air temperature we used archived data from the territory of the Former Soviet Union from 20? E to 90? E and from 40? N to 70? N, and from the Tien Shan mountains. The snow ablation dynamics between the dates of maximum SWE and snow disappearance were analyzed through long-term average rates of SWE decrease (Figure 1 ), which were developed on the basis of long-term measurements of SWE from 110 stations located in different geographical regions of FSU, and 79 stations in the Tien Shan Mountains [Hydrometeo, 1966 [Hydrometeo, -1968 (Figure 2 ). Snow ablation duration (Figure 3 ) was obtained from the average dates of maximum SWE and average dates of snow disappearance [Kotlyakov, 1998; Getker, 1988] . Data from Reference book [Hydrometeo, 1966 [Hydrometeo, -1968 combine daily observations of snow depth and density at stations (Figure 1 ) averaged for a 30-year period. Measurements of snow density at each station were made as a vertical profile within a snow pit. A snow survey was done along transects every 10 days during winter. The length of the route varied from 2 km to about 100 km and included different landscapes and altitudinal zones. At multiple points along the snow route the density and depth of snow cover were measured. At each point, the error of snow depth measurement was 0.5 cm and each snow density sample was 0.5 g cm -3
. The mean amount of ablated snow was calculated on basis of 10-day period (TDP) decreases of SWE (Figure 1) . We define the ablated snow share as the percent by which the maximum SWE has been decreased during a TDP. We used the maps of long-term average maximum SWE, dates of these maxima, and average dates of disappearance of snow cover developed for the FSU and Tien Shan mountains [Kotlyakov, 1998 ]. In the plains, all three elements interpolated into 2.5 o grids were made assuming linear changes between isolines of maximum SWE, dates of these maxima and dates of snow disappearance. Details on quality of original data and methods used to develop the maps of maximum SWE are presented in Kotlyakov, [1998] . In the Tien Shan Mountains, the maximum SWE was estimated for four regions (northern, central, western and eastern) and altitudinal belts with 0.5-km interval. Regional classification of Tien Shan is based on circulation process, precipitation regimes and orographic features [Aizen et al., 1995] .
The concept for the technique we used for calculating heat required to melt snow is described by Krenke and Aizen [1989] and by Aizen and Menshutin [1992] . We call energy used for snow ablation, energy losses, understanding that this energy is transferred to the melted water. Estimation of heat used to melt snow did not take into account melt of snow that was compensated for by snow that accumulated during the ablation period. There was no case on the plains and only 7% of total cases in the mountains when SWE increased during a TDP.
We assumed the snow ablation was caused almost all by melt; estimation of heat losses did not take into account energy losses owed to evaporation and sublimation. We based our simplification on the following evidence: (1) Snow evaporation or sublimation during ablation is expected to consume significant heat energy under conditions with strong wind velocity and low air humidity, which are local and not frequent. For most of the plains and mountains of FSU, snow evaporation or sublimation during the ablation season was low [Kuz'min, 1972] . In central Tien Shan mountains contribution from the latent component in heat balance was about 10% during the ablation season [Aizen et al., 1997a] . Leydecker and Melack's [1999] experimental analysis revealed that evaporation during snow ablation contributed only minor amounts to the total seasonal loss in the Sierra Nevada (United States). (2) Our estimation of energy used for snow ablation is conservative because we did not take into account snow sublimation and evaporation, or significant snowfall after the time of maximum SWE. If we had included snow sublimation and evaporation and snowfall during ablation, our estimations of energy losses would be higher.
Stations were grouped by dates of snow disappearance and beginning of ablation using a factor analysis. Grouping by latitude, altitude, and distance from ocean revealed no useful patterns. The dates of initiation of snow ablation were determined as maximum SWE. Decrease of SWE for sequential 10-day intervals (?W, mm) ( Figure 1 ) was obtained as a difference between two successive values of SWE.
To calculate the ablated share of maximum SWE for any station, the amount of ablated snow for the 10-day period was normalized by the maximum mean SWE at the station (Wmax) and averaged throughout stations with the same dates of snow disappearance and beginning of snow ablation (??W' = ??W/Wmax) ( Table 1 ). Figure 1 shows the ablated share of maximum SWE as a function of time for each TDP. For example, for an area where snow disappeared in the third TDP of March and snow ablation began in the second TDP of March, 24% of maximum SWE ablated in the second TDP of March and 76% of maximum SWE ablated in the third TDP of March (Table 1) .
To validate the technique on calculation of the ablated snow share, we used independent data from 18 stations. The root-mean square-error of the ablated share that was calculated through normalized and averaged estimations ( Figure 1 , Table 1 ) is about 14%.
Maps of energy used to melt snow were developed for the end of each TDP. In each grid cell, the specific energy, Q, MJ km -2 TDP -1 , used for snow melt was calculated by equation (1):
where L = 0.334 10 -3 MJ g -1 is the specific heat of snow melt; Wmax is maximum SWE, mm, obtained from maps [Getker, 1988; Kotlyakov, 1998 ];??W', expressed as a fraction, is the share of ablated snow for ten day periods in each grid cell; 10 9 converts from mm to g km -2
. Energy losses used to melt snow, Q?, MJ TDP -1 , were calculated by eq. 2 for the territory of the former Soviet Union between 45?N and 70?N latitudes, for areas west of 90?E (Table  2 ) and for altitudinal belts in the Tien Shan (Table 3 ). Annual energy losses Q'?, MJ yr -1 were calculated as a sum of TDP losses (3):
where
, is specific energy for snow melt; S, km Arabic characters mark number of TDP; Roman characters mark month.
dimension of 2.5? longitude and 2.5? latitude transformed into kilometers for the plains (Table 2) , or taken as altitudinal belts with 0.5 km resolution from the Atlas of the former Kirgizskoi SSR [Adishev, 1987] (Table 3) 
where Cv = 0.72 10 -6 MJ g -1 deg -1 is heat capacity of air at the constant volume and 0?C; ?H is air thickness at altitude H calculated from air thickness at sea level (1.225 ?10 12 g km -3
) and an altitudinal gradient of 0.1?10 12 g km -3 per 1.0 km [Barry 1981] . We assess the possible volume of air-cooled 5?C by snow melt assuming that average air temperature decrease due to snowmelt was 5?C [Namias, 1963; Pokrovskya and Spirina, 1965] . The height (h, km) of air cooled 5?C by snow melt during each TDP was calculated as
The volume (V, km 3 ) of air cooled 5?C by snow melt for each TDP (Tables 2, 3 ) was calculated as
3. Results and Discussion 3.1. Timing of Snow Ablation 3.1.1. Plains. Maximum snow ablation occurred during the last 10-day period of snow cover (Figure 1a ) when melt generally reached 80% of total ablation. Until the end of March, solar radiation was only energy available for ablation. If snow survived into April or later, as happened in the north, heating by solar radiation was augmented by advection of warm air masses [Gray and Male, 1981] , and the rate of ablation increased. In the southern regions, duration of ablation was restricted to 30 days ( Figure 3 ). If snow disappeared completely before April 10, ablation rate increased almost linearly as the duration of the daily period of insolation increased. When snow cover in the southern regions was gone, advection of warm air masses to the northern areas occurred and ablation intensified.
Mountains.
The longer ablation duration at Valdaiskaya, Smolensko -Moscowskaya, Privoljskaya, and Kazakh uplands (Figure 3 ) was caused by topographical factors. The period of snow ablation was longer than in forested lowlands located northward of these uplands where air is cooler.
Ablation duration in mountains exceeded by at least two TDPs that found in the continental plains (Figure 1a, b) and reached up to 70 days in the high mountains of the western and northern Tien Shan (Figure 3) . The shortest duration of ablation period was observed in the eastern Tien Shan where small snow accumulation and relatively high air temperatures occurred Distribution of long-term mean maximum snow accumulation (Wmax) (a) [Aizen et al., 1995] and the nomogram of snow loss for different means of maximum accumulation (Wmax) at altitudinal belts (H) of the Tien Shan (b) [Getker, 1988] . [Aizen et al., 1995] . At low altitudes of the Tien Shan Mountains, the maximum ablation took place during the last TDP (Figure 1b) . At high altitudes the maximum amount of snow, about 40%, disappeared during the penultimate periods. . The snow ablation band continued to move north, but the ablating areas decreased, because at high latitudes the greater snow accumulation delayed advection of warm air masses. For example, at the end of April, the snow ablation band was located between 59?N and 69?N, and energy losses varied from 10 6 MJ km -2 TDP -1 in northern part of the ablating band to 80x10 6 MJ km -2 TDP -1 over its central part. In the third TDP of May, snow cover loss took place only over the north of the western Siberian lowland. Over the plains, energy losses from snowmelt amounted to 90x10 12 MJ yr -1 with a maximum in the first 10 days of April (Table   2) , and snow ablated on the majority of the area from 50?N to 70?N. The annual air volume cooled 5?C by snow melt (Table 2) amounted, on average, to 2?10 7 km 3 yr -1
Heat Used for
. During the first half of the snow ablation season, the heat used to melt snow and cool air were less than during the second half of the ablation season (Table 2 ) because available heat energy was less and snow melt was not as intensive as during the second half.
To estimate the significance of energy losses from snow melt to the heat balance, maps for the plains of annual heat exchange caused by atmospheric advection, monthly radiation balance, monthly evaporation and monthly turbulent heat exchange [Budyko, 1963] were used. The mean annual heat associated with atmospheric advection was 0.13x10 10 MJ km -2 yr -1 [Budyko, 1963] . From the middle of March until the end of May, the amount of energy consumed by snow melt (See Figure 2 ) and the energy available from atmospheric advection are on the same order. In March and April, monthly radiation balance amounted to 41x10 6 MJ km -2 TDP -1 and energy associated with evaporation and turbulent heat exchange varied from 0 to 29x10 6 MJ km -2 TDP -1 [Budyko, 1963] , which are comparable with the heat losses from snowmelt.
To obtain more exact estimates, spatially integrated components of the atmospheric heat budget were calculated from the third TDP of March to the second 10 days of April for the four regions (Table 4 ). The divergence of heat flux (i.e., advective energy of air masses), div (Cp?T?), with air thickness, ?, and wind velocity, ?, was calculated as a residual term in the atmospheric heat balance equation (7) over the melting snow surface. This residual term is in accordance with data on spring heat flux given by Oort [1983] .
R + div(Cp ?T?) + L(P -E) = ?(Cp ?T)/?t + Q? ,
where R is radiation balance at the top of the atmosphere [Kondratjev, 1965] ; Cp is the heat capacity of air at the constant pressure, T?K is absolute air temperature; P is precipitation formed as result of condensation, E is evaporation from snow surface, L(P -E) is the heat associated with evaporation or condensation [Korzoun, 1977] ; ?(Cp?T)/?t is change of heat amount in the atmosphere with time (warming or cooling) which was computed from upper-air maps [Hydrometeo, 1974] ; Q? is the long-term mean of heat used for snowmelt ( Table 2) . Ratios of the heat balance components are presented in Table 3 . The advective energy is the same as heat used for snowmelt in the third and fourth regions in the first TDP of April (i.e., the ratio between two terms reached 0.91) that corresponds to the previous results obtained through Budyko [1963] . For the remaining time, the heat loss from snowmelt amounts to about one third of advective energy. The heat flux used to warm the atmosphere is 2 to 3 times less than the energy consumed by snowmelt (the ratio reached 3.6).
3.2.2. Mountains. To provide estimates for the energy losses due to snowmelt in the alpine regions of Tien Shan, we used data on distribution of long-term mean maximum SWE ( Figure  4a ) [Aizen et al., 1995] , long-term mean date of snow disappearance (Figure 4b ) [Getker, 1988] , and the snow ablation curves (Figure 1b) . The data on snow disappearance (Figure 4b ) [Getker, 1988] and snow ablation curves (Figure 1b) allow ) at the altitudinal belts (H) of the Tien Shan.
As the snow ablation progressed, the zone of energy losses rose over the mountains and occupied two to three altitudinal belts (i.e., about 1-1.5 km) from the middle of March to the end of June in the western, northern and central Tien Shan (Figures 5  and 6 ). They reached 2.8x10 12 MJ TDP -1 over the 3.5 km altitudinal belt (Figure 6 ).
Over the mountains, energy used for snowmelt amounted to 30x10 12 MJ yr -1 with a maximum from the end of May to the middle of June (Table 4) . The annual air volume cooled 5?C by snow melt (Table 4) amounted, on average, to 0.9x10 7 km 3 yr -1 . The heat loss from snowmelt in mountains amounted to about one third of heat loss in the plains, and air volume cooled by snow melt in mountains amounted about one half of air volume over plains. The difference in the proportions occurred as a result of lesser air thickness in mountains than over plains that allowed cooling a larger air volume in mountains under the same amounts of heat losses. The process of snow ablation and atmospheric cooling in mountains due to snow melt occurs more slowly and without abrupt changes observed on the plains (Figure 7a ), and energy losses in mountains smooth the general processes of atmospheric cooling prolonging it until the beginning of August (Figure 7b ).
Conclusion
Our approach allows evaluating the impact of a larger or smaller snow accumulation on atmospheric heating. Extant long-term mean estimations of snow accumulation [Kotlyakov, 1998] and air temperature at the continental scale could be the basis for forecasting air temperature deviation from average because of snow accumulation anomalies, and heat energy used to melt snow. The long-term mean energy used to melt snow amounted to 1.2x10 14 over plain and mountains. The volume of air-cooled 5?C by snowmelt amounted to 2.0x10 7 km 3 yr -1 over the plains and 1.0x10 7 km 3 yr -1 over the Tien Shan mountains. On the plains, snow ablation started in the south in response to heating of snow pack by insolation. At higher latitudes, it began when the advection of warm air masses from the southern latitudes augmented solar heating. However, these air masses lost a substantial part of their heat capacity as they passed over the snow cover at lower latitudes. Once the snow cover in the southern regions disappeared, warm air masses stretched to the northern zones, and ablation intensified. Since snow ablation in the southern latitudes influenced the snow ablation in the northern regions, persistence of snow cover in the south retarded snow ablation in the north.
Floods in the high latitudes are not expected when an abnormally large amount of snow has accumulated in the southern areas. In the FSU, after anomalous snow accumulation in the winter to the south of blocking high-pressure system observed over the eastern European plains in 1987, there were heavy floods in the southern areas (e.g., Caucasus and southern Ukraine), but not to the north. In the next year (1988) above normal snow pack on the north of eastern European plains coincided with a normal amount of snow cover to the south, and its ablation decreased the floods in the north. In contrast, after a small snow accumulation at the south and abnormally large at the north, spring floods in high latitudes are probable.
Satellite observations since early 1970s ] suggest a decrease in mean snow cover for spring and summer in Eurasia. The decrease of snow cover and consequently, snow ablation during the past 20 years is related to change in snow cover affecting atmospheric cooling and leading to an increase of global temperatures most pronounced during springtime [Jones and Briffa, 1992] when maximum snow ablation occurs over the plains. Tien Shan observations for the past 50 years revealed a decrease of snow accumulation almost everywhere in the mountains [Aizen et al., 1997b] . The feedback of the spring and summer snow ablation can explain the long-term rise in air temperatures being more pronounced from June to August [Aizen et al., 1997b] when maximum energy losses from snowmelt occurs over the Tien Shan. Those variations in heat losses for snowmelt do not explain all of the spring warming over plains and mountains during several decades. However, decrease of snow accumulation over the plains and mountains contributes to the warming. 
